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18F-Labeled substance P antagonist–receptor quantifier ([18F]SPA-
RQ) [2-fluoromethoxy-5-(5-trifluoromethyl-tetrazol-1-yl)-benzyl]-
[(2S,3S)-2-phenyl-piperidin-3-yl)amine] is a selective radioligand for
in vivo quantification of tachykinin NK1 receptors with PET. The aims
of this study were to estimate the radiation safety profile and relative
risks of [18F]SPA-RQ with 3 different methods of image analysis.
Methods: Whole-body PET images were acquired in 7 healthy sub-
jects after injection of 192 6 7 MBq (5.2 6 0.2 mCi) [18F]SPA-RQ.
Emission images were serially acquired at multiple time-points
from 0 to 120 min and approximately 180–240 min after injection.
Urine samples were collected after each imaging session and for
24 h after the last scan to measure excreted radioactivity. Horizontal
tomographic images were compressed to varying degrees in the
anteroposterior direction to create 3 datasets: thin-slice, bisected,
and 2-dimensional (2D) planar images. Regions of interest were
drawn around visually identifiable source organs to generate
time–activity curves for each dataset. Residence times were deter-
mined from these curves, and doses to individual organs and the
body as a whole were calculated using OLINDA/EXM 1.0. Results:
The lungs, upper large intestine wall, small intestine, urinary bladder
wall, kidneys, and thyroid had the highest radiation-absorbed
doses. Biexponential fitting of mean bladder and urine activity
showed that about 41% of injected activity was excreted via urine.
Assuming a 2.4-h urine voiding interval, the calculated effective
doses from thin-slice, bisected, and 2D planar images were 29.5,
29.3, and 32.3 mSv/MBq (109, 108, and 120 mrem/mCi), respec-
tively. Conclusion: Insofar as effective dose is an accurate measure
of radiation risk, all 3 methods of analysis provided quite similar es-
timates of risk to human subjects. The radiation dose was moderate
and would potentially allow subjects to receive multiple PET scans
in a single year. Individual organ exposures varied among the 3
methods, especially for structures asymmetrically located in an an-
terior or posterior position. Bisected and 2D planar images almost

always provided higher organ dose estimates than thin-slice im-
ages. Thus, either the bisected or 2D planar method of analysis
appears acceptable for quantifying human radiation burden, at
least for radioligands with a relatively broad distribution in the
body and not concentrated in a small number of radiation sensitive
organs.
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The 11-amino-acid neuropeptide substance P (SP) and its
preferred receptor, the tachykinin neurokinin type 1 (NK1)
receptor, are widespread throughout the mammalian nervous
system (1). SP has been proposed to play a role in several
neurologic and psychiatric diseases (2–10). However, to date,
NK1 receptor antagonists have only found proven efficacy in
the prevention of acute and delayed chemotherapy-induced
nausea and vomiting (2), despite extensive preclinical and
clinical work suggesting utility in pain, anxiety, depression,
schizophrenia, Rett’s syndrome, Parkinson’s disease, and
Alzheimer’s disease (3–10). The widespread distribution of
central SP pathways and NK1 receptors in the human brain in
vivo is somewhat enigmatic given the apparent lack of effect
of drugs designed to block these systems in so many central
disorders. Detailed study of these systems in health and
neurologic disease is a potentially important topic for re-
search because it could identify opportunities for future
clinical trials with NK1 receptor antagonists.

18F-Labeled SP antagonist–receptor quanitifier ([18F]SPA-
RQ) [2-fluoromethoxy-5-(5-trifluoromethyl-tetrazol-1-yl)-
benzyl]-[(2S,3S)-2-phenyl-piperidin-3-yl)amine] is a highly
selective radiopharmaceutical with a subnanomolar affinity
for the human NK1 receptor in vitro. It has been used pre-
viously in guinea pig, monkey, and human PET studies
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(11,12). In these settings, [18F]SPA-RQ demonstrated high
brain uptake, displacement by NK1-selective ligands, and
low nonspecific binding. The absence of receptors in the
cerebellum seems to facilitate quantification. Although its
radiation dosimetry profile has been estimated in guinea
pigs, nonhuman primates, and a small number of human
research volunteers (13), a formal study of its safety has
never been published. The first aim of the present study was
to characterize its radiation safety profile in healthy humans
by quantifying its whole-body biokinetics. The effective dose
(ED) was calculated as the primary surrogate of radiation
safety according currently prescribed weighting factors for
each organ.

Modern PET cameras map the distribution of radioac-
tivity in 3-dimensional (3D) volumes. These volumes can
be parsed into tomographic slices and reinterpolated for
analysis in any plane. The thickness of each tomographic
slice is under the control of the imager. Although most PET
scans are reformatted to produce slice thicknesses that vary
from a few millimeters to about a centimeter, it is possible
to compress all of the slices into a single, 2D image that
looks much like a planar scintigram. Previous work con-
ducted in our laboratory indicated that dosimetry analyses
performed on single compressed planar images as opposed
to multiple tomographic images were considerably less
ticonsuming and provided only slightly higher (i.e., more
conservative) values of estimated radiation doses (13). Thus,
the second aim of the present study was to determine the
efficacy and efficiency of using either a compressed 2D
planar image or anteroposterior-bisected images instead of
thin-slice images for the analysis of human whole-body
dosimetry studies.

MATERIALS AND METHODS

Subjects
The study was mandated by the U.S. Food and Drug Admin-

istration under its approval of the Investigational New Drug
application and approved by the Radiation Safety Committee of
the National Institutes of Health (NIH), and the Institutional
Review Board of the National Institute of Mental Health approved
the use of [18F]SPA-RQ in human subjects for this study. The first
7 consecutively presenting subjects to meet selection criteria were
enrolled: 4 male and 3 female healthy volunteers (mean age 6 SD,
28 6 7 y; age range, 23–40 y; weight, 77 6 5 kg). These and
subsequent data are expressed as the mean 6 SD unless otherwise
noted. Subjects gave informed, written consent and then com-
pleted a screening assessment no more than 3 mo before their PET
scan. The assessment included a history, physical examination,
electrocardiogram, and standard blood and urine analyses to en-
sure that subjects were free of any medical or neuropsychiatric
illnesses. The laboratory tests included a complete blood count,
serum chemistries, thyroid function test, urinalysis, urine drug
screen, as well as syphilis, HIV, and hepatitis B screenings. Ap-
proximately 24 h after the administration of the tracer, subjects
returned to repeat the complete blood count, serum chemistries,
and urinalysis.

Radiopharmaceutical Preparation
The chemical precursor, (2S-cis)-3-[[[2-hydroxy-5[5-(trifluoro-

methyl)-1H-tetrazol-1-yl]phenyl]methyl]amino]-2-phenyl-1-
piperidinecarboxylic acid 1,1-dimethylethyl ester, was obtained from
Merck Research Laboratories, and the radioligand, [18F]SPA-RQ,
was prepared according to the route and method originally de-
scribed by Solin et al. (11), but with significant modifications as
described by Chin et al. (14). For the present study, the radio-
chemical purities of all syntheses of [18F]SPA-RQ were assessed
with high-performance liquid chromatography and found to be
.99% with an average specific activity of 46.6 6 16.6 GBq/mmol
(1.26 6 0.45 Ci/mmol) at the time of injection.

PET Data Acquisition
Both a preinjection transmission scan and a series of dynamic

emission scans were acquired using a GE Advance tomograph
(GE Healthcare). The PET device was calibrated daily with a
137Cs source and cross-calibrated weekly to a well counter using a
known amount of 18F activity contained in a 16-cm-diameter, cy-
lindric phantom. Each subject was imaged in 7 contiguous 15-cm
segments from the top of the head to a point below the gonads that
varied depending on the height of the subject. To minimize ex-
traneous motion, all subjects wore a mask that affixed their head in
a single position and had their arms and abdomen wrapped with
body-restraining sheets. Blood pressure, pulse, and respiration
rates were obtained before the administration of [18F]SPA-RQ and
at 3 time points during the emission scans.

Before injection of the radioligand, a 21-min transmission scan
(3 min at each of the 7 body segments) using rotating 68Ge rods
was acquired for subsequent attenuation correction. Then, an
initial set of dynamic emission scans consisting of 14 cycles was
acquired after the intravenous injection of about 192 6 7 MBq
(5.2 6 0.2 mCi) of [18F]SPA-RQ. The acquisition of each cycle
began with an emission scan at the first bed position (i.e., the
head) and continued by moving the bed distally to the next body
segment for a total of 7 segments. The scan of the seventh segment
completed a cycle, and the bed was moved back to the original
position. The initial scans that were acquired shortly after admin-
istration, when the redistribution of the radioactive material was
relatively rapid, made temporal resolution a priority, whereas the
later scans were longer to achieve higher spatial resolution. The
length of time that each segment was imaged within each of the 14
cycles increased progressively as follows: 4 · 0.25, 3 · 0.5, 3 · 1,
3 · 2, and 1 · 4 min. The 6 movements of the bed between seg-
ments 1 through 7 required 3 s each, and the repositioning of the
bed after the completion of each of the cycles required 13 s. Thus,
the total length of the initial emission scan set was about 120 min.

After the completion of the first emission scan set, the subjects
were allowed to rest for about 30 min. During this time, all voided
urine was collected for measurement of radioactivity. The subjects
then returned to the scanner and was positioned in, and affixed to,
the same approximate location on the bed as for the first scan. A
second 21-min transmission scan, identical to the first, was per-
formed followed by a second set of dynamic emission scans that
began about 3 h after injection of radioligand. The emission scan
consisted of 2 cycles with segment imaging times of 4 min each
for a total scan time of about 60 min. After completing all scans,
the subject was asked to void before leaving NIH so the activity in
urine could be measured. The subject went home with a 24-h urine
collection container, and we measured urine radioactivity the next
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day. Radioactivity was measured with a g-counter that was cross-
calibrated with the GE Advance scanner.

Image Analysis
The 256 original tomographic PET slices were reinterpolated in

the anteroposterior (i.e., coronal) direction to create 3 whole-body
image groups: (a) thin-slice, (b) bisected, and (c) 2D planar:

(a) Thin-slice images: Multiple sets of 6 contiguous tomo-
graphic slices without any gaps between them were added
together for the thin-slice image set and had a final slice
thickness of about 1.2 cm.

(b) Bisected: Two sets of 128 tomographic slices were com-
pressed for the bisected images. In effect, this roughly
divided the body through the midcoronal plane to create an
anterior and a posterior ‘‘conjugate-like’’ planar image set.

(c) 2D planar images: A single image containing all 256
tomographic slices compressed into a single coronal image
was constructed as shown in Figure 1.

All 3 sets of images were analyzed using PMOD 2.61
(pixelwise modeling computer software; PMOD Group, Zurich,
Switzerland).

A ‘‘source organ’’ was defined as any region that took up enough
radioactivity to be visualized on the images and thus become a
radioactivity emitter that was capable of exposing nearby tissues
to radiation. The whole brain, thyroid, heart, right lung, right
kidney, liver, and testes were all identifiable as source organs on
the thin-slice images. Regions of interest (ROIs) were drawn
around each of these structures on each of the slices in which they
appeared by a single operator and subsequently reviewed by other
investigators before the analyses. Once approved, these ROIs were
propagated across all 16 acquisition time points. The right lung
was selected to avoid the heart, and total activity in the lungs was
calculated assuming that the right lung would account for 55% of
total uptake (15). Though the right kidney partially overlapped the
liver, it was easier to identify on the images than the left kidney,
which was often occluded by diffuse activity in the abdominal
cavity and the spleen. Total uptake of activity in the kidneys was
calculated as twice that of the right kidney.

In addition to the previously mentioned source organs, the
intestines, urinary bladder, and red marrow showed moderate
levels of [18F]SPA-RQ uptake. A ROI was drawn around the entire

area enclosed by the lateral abdominal walls from the inferior
borders of the liver and diaphragm to the superior dome of the
urinary bladder. After subtracting the activity in kidneys from the
total activity encompassed by this large ROI, the remainder was
assigned to the intestines. Individual ROIs were drawn around the
urinary bladder at each time point to account for the changing size
of the bladder as it accumulated urine. The activity in these
separate urinary bladder ROIs was then summed to represent total
bladder uptake. [18F]SPA-RQ exhibited very low levels of
defluorination in human subjects; only marrow-rich bone struc-
tures (e.g., vertebrae, pelvis, and skull) exhibited uptake of the
radioligand. In contrast, the marrow-poor diaphyses of tubular
bones were not visible. Thus, all bone-related uptake of the tracer
was assumed to derive from red marrow. This uptake was quan-
tified by drawing a horseshoe-shaped ROI around the superior and
lateral aspects of the skull. Total red marrow uptake was calcu-
lated by conservatively estimating that the skull accounted for 8%
of all red marrow uptake (15).

All of the above organs were identified and assigned ROIs on
both the bisected and 2D planar images. If an organ appeared in
both the anterior and posterior slices of the bisected images, ROIs
were drawn around the structure on both slices. For both the
bisected and the 2D planar image analyses, large ROIs were drawn
surrounding each source organ to ensure that all accumulated
radioactivity within a particular organ was included. Although the
heart, testes, and thyroid were not always as clearly visible as
the other source organs on the bisected and 2D planar images, the
regions could still be drawn with moderate confidence using other
structures as anatomic landmarks. The inclusion of the testes and,
to a lesser extent, the thyroid and red marrow as source organs was
significant because of their sensitivity to radiation and relatively
high weighting factors in the calculation of the overall ED. For all
3 image sets, the activity in the ‘‘remainder of the body’’ was
calculated as the residual activity from the sum of the midpoint
time measurements of all source organs.

Residence Time Calculation
The nondecay–corrected activity from each source organ, with

the exception of the urinary bladder and the intestines, was con-
verted to a percentage of the injected activity (IA). A time–activity
curve was created for each organ by plotting the percentage of IA
versus time. The area under an organ’s activity curve from time
zero to infinity is equal to residence time. The trapezoidal rule was

FIGURE 1. Example of a series of
whole-body 2D planar PET images for
one healthy male. Images were obtained
approximately 2, 20, 100, and 240 min
after intravenous injection of about 192 6

7 MBq (5.2 6 0.2 mCi) of [18F]SPA-RQ.
All 4 decay-corrected images used the
same color scale (bottom of figure).
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used to calculate the area under the curve from the time of
injection to the time image acquisition terminated. By convention
in the field, any further decline in activity was assumed to occur
only through physical decay without any biologic clearance.

Many of the source organs were not confined to a single 15-cm
bed position, resulting in multiple acquisition time points for single
organs. In these cases, new time points were generated before cre-
ating the organ’s activity curve. A more accurate mean acquisition
time for affected organs was obtained by averaging the time points
associated with each bed position in which the organ appeared.

The residence time of the urinary bladder was determined using
the dynamic bladder model (16) in OLINDA/EXM 1.0 (Organ
Level Internal Dose Assessment/Exponential Modeling computer
software; Vanderbilt University, 2003) (17). Voiding intervals of
0.6, 1.2, 2.4, and 4.8 h were used to calculate several different
residence times to determine their effect on dose estimates to the
urinary bladder wall. Because subjects were allowed to urinate
between the 2 emission scans, activity in the urinary bladder ROIs
had to be corrected for excretion. Total urine excretion during the
first scanning session of about 2 h was equal to the amount of
activity in the urinary bladder ROIs. Summing the activity con-
tained in the urine collected during the break between the 2
emission scans with the activity found in the urinary bladder ROIs
during the second emission scan provided values for total urine
excretion up to about 4 h after injection. Finally, the urine ac-
tivities from the 2-, 4-, and 24-h postinjection urine collections
were summed for each subject to provide a final value for total
urine excretion. A cumulative urine activity curve was generated
for each subject and fitted with a biexponential curve to determine
the total urine excretion as a fraction of IA. The formula for the
biexponential curve was: y 5 a1(1 2 e2lt) 1 a2(1 2 e2gt), where
y is total urine excretion as a fraction of IA, a1 1 a2 equals the
total measured urine excretion as a fraction of IA, l and g are the
2 exponential rate constants, and t equals time. The sum of the 2
intercepts was restricted to values between 0 and 1: 0 . a1 1 a2 , 1.
The total urine excretion as a fraction of IA was converted into an
ED for the urinary bladder wall in OLINDA/EXM 1.0.

One subject failed to return her 24-h urine collection; total
urinary excretion for this person was calculated as the average of the
other subjects. A second subject’s 2- and 4-h postinjection urine
collections demonstrated activities that were inconsistent with the
data obtained from the PET images. This discrepancy was assigned
to an error in the g-counter used to measure the activity of the urine.
Two- and 4-h urine activities were determined for this subject by
assuming that he or she was able to void the entire amount of activity
accounted for in the urinary bladder ROIs at the final time points of
the first and second emission scans, respectively.

The residence times for the upper large intestine (ULI), lower
large intestine (LLI), and small intestine were calculated in
OLINDA/EXM 1.0 using the ICRP 30 gastrointestinal model
(18). The model requires a value for the amount of activity that
enters the small intestine. This value was equal to the largest
decay-corrected fraction of IA encompassed by the intestinal ROI.
The final organ absorbed doses were determined for each subject
using the residence times calculated and were based on the MIRD
scheme of a 70-kg adult male (19).

RESULTS

Intravenous injection of [18F]SPA-RQ produced no clin-
ically observable effects. Blood pressure, pulse, and respi-

ratory rates showed no significant change from baseline
values. In addition, blood and urine tests performed ap-
proximately 24 h after the administration of the tracer
showed no significant changes from the results obtained at
the subjects’ initial screening assessments.

The brain, thyroid, lungs, heart, liver, kidneys, intestines,
urinary bladder, testes, and red marrow were all identified
as source organs on 2D planar (Fig. 1), bisected, and thin-
slice image sets. The lungs had the highest uptake of
[18F]SPA-RQ with an average peak activity of 53 %IA (n 5

7) at about 2 min after injection, measured on the thin-slice
dataset. The red marrow, liver, and kidneys also exhibited
relatively high uptake of radioactivity with respective peak
values of 9.5, 9.4, and 8.7 %IA, whereas the brain, heart,
thyroid, and testes had peak uptakes of 3.4, 1.0, 0.3, and 0.1
%IA, respectively. With the exception of the liver, testes,
and red marrow, where uptake reached its peak between 25
and 35 min after injection, all activity for the above organs
peaked within 15 min of the administration of the tracer
(Fig. 2). The average decay-corrected activity encompassed
by the intestinal ROI reached its peak value of 18 %IA
approximately 30 min after injection (Fig. 3). Although it
was possible to identify the testes on the early images when
much of the radioactive material seemed to be in the
vascular and extracellular compartments, a pattern sugges-
tive of specific uptake was not observed in any of the men.
The uterus or ovaries were never visualized in women.

The average cumulative urine activity of the 7 subjects was
fit with a biexponential curve using PRISM (version 4.0)
software (GraphPad Software). For some subjects, the pro-
gram was unable to fit the data. In these cases, a few of the
initial data points were excluded, because the activity at these
times was minimal and likely highly variable. The asymptote
of the biexponential curve fit to the mean urinary activity data
determined from the thin-slice images indicated that 41 %IA
was excreted via urination (Fig. 4). The biologic half-lives
were 2.9 and 8.3 h. The r2 value of the biexponential curve
was 0.999, suggesting a high goodness of fit.

The mean residence times of all source organs from all 3
analyses, with the exception of the intestines and urinary
bladder, are displayed in Table 1. The data suggest the
greatest variations in residence times occurred between the
thin-slice and 2D planar image analyses. Additionally,
organs that are asymmetrically localized in either the
anterior or posterior aspect of the body (specifically the
heart, kidneys, testes, and thyroid) showed the greatest
degree of variance. Because the 2D planar image com-
pressed all of the organs into a single horizontal plane, the
ROIs encompassed activity both anterior and posterior to
these localized organs and overestimated uptake and resi-
dence times. Because the body was split into anterior and
posterior slices for the bisected images, the residence times
obtained from this analysis were more similar than the 2D
planar data to the thin-slice values.

The residence time of the red marrow was significantly
higher for the thin-slice analysis than that for the bisected
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or 2D planar methods. As described in Materials and
Methods, activity in red marrow was determined with a
ROI overlying the skull. The horseshoe-shaped ROI drawn
on bisected and 2D planar coronal images only accounted
for activity confined to the superior and lateral aspects of
the frontoparietal and temporal bones. In contrast, the thin-
slice images showed the anterior portion of the frontal bone
as well as the posterior portion of the parietal and occipital
bones. The activity from these regions was then added to
that in the horseshoe-shaped region. As a result, the
measured uptake of activity and the residence time were
higher for the red marrow in the thin-slice image analysis
than they were in the other 2 image sets. Although coun-
terintuitive, the residence times of ‘‘remainder of body’’
residence times were lower for the bisected and 2D planar
images than those for the thin-slice data. One would expect
the source organ activities to be overestimated in the
compressed bisected and 2D planar images. This was, in
fact, the case for individual organs. However, the cumula-
tive uptake of activity accounted for in all ROIs for each

method of analysis was relatively uniform (varying, on
average, 2%24% between the 3 methods across all time
points). Thus, the differences in the calculated uptake of
activity in the red marrow in large part account for the
variation in the remainder of body residence times among
the 3 image sets.

Varying the urine voiding intervals between 0.6, 1.2, 2.4,
and 4.8 h resulted in modest changes to the dose of the
urinary bladder wall, and the overall EDs at the respective
voiding intervals were 27, 28, 30, and 31 mSv/MBq, re-
spectively. Table 2 displays both the absorbed radiation
doses of all pertinent organs and the overall EDs with an
assumed urine voiding interval of 2.4 h for all 3 methods of
analysis.

The organs with the highest absorbed radiation doses in
the thin-slice image analysis were the lungs (82 mGy/MBq),

FIGURE 2. (A and B) Time–activity curves for visually identi-
fiable organs with both high (A) and low (B) uptake of activity
after injection of [18F]SPA-RQ. Activity data were determined
from analysis of thin-slice images and are expressed, without
correction for radioactive decay, as mean 6 SEM of 7 subjects.

FIGURE 3. Time–activity curve for ROI surrounding intestines
after injection of [18F]SPA-RQ. Activity data were determined
from analysis of thin-slice images and are expressed, with
correction for radioactive decay, as mean 6 SEM of 7 subjects.

FIGURE 4. Cumulative urine excretion of decay-corrected
radioactivity after injection of [18F]SPA-RQ. Data are expressed
as mean 6 SEM of 7 subjects. Biexponential curve was created
with PRISM software (version 4.0). Asymptote of curve shows
that about 41 %IA was excreted via urine.
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ULI wall (78 mGy/MBq), small intestine (70 mGy/MBq),
urinary bladder wall (57 mGy/MBq), and kidneys (56 mGy/
MBq). Similarly, these organs, as well as the thyroid, had
the highest absorbed doses in both the bisected and 2D
planar image analyses.

The ratios displayed in Table 2 suggest the organ doses
obtained from the bisected and 2D planar image analyses
were most often comparable with those determined from
thin-slice image analysis. Organs asymmetrically localized
in either the anterior or posterior aspects of the body showed
the greatest variation in doses when comparing the 2D pla-
nar and thin-slice values. Thus, the doses for these organs
were always overestimated in the 2D planar analysis. The
ULI wall, small intestine, and LLI wall, along with the red
marrow and osteogenic cells, were the only organs with sig-
nificantly lower radiation doses in the 2D planar images
than those in the thin-slice images. The differences in the
red marrow and osteogenic cell doses were expected because
the ROI of these ‘‘organs’’ underestimated activity in bone
in both the bisected and the 2-D planar images, as de-
scribed. Doses to the intestines were lower in the bisected
and 2D planar analyses because the images were more
highly compressed than the thin-slice images. Some of the
activity in the intestines was probably underestimated and
was likely assigned instead to overlapping portions of the
kidneys and liver.

DISCUSSION

Whole-body PET with the NK1 receptor radioligand
[18F]SPA-RQ suggested that the truest estimate of the ED
of the tracer was 29.5 mSv/MBq (109 mrem/mCi) based on
careful analysis of thin-slice images. This value does not
seem to be meaningfully different than those reported for
many other 18F-labeled PET tracers, suggesting that the
radiation risks are largely driven by the physical properties
of the radioisotope as opposed to the biologic properties of
the radiopharmaceutical. It follows that the risks from doses
that are typically injected should be well within accepted

levels for human subjects who will not benefit from par-
ticipating in research studies. For example, about 340 MBq
(9.2 mCi) would be required to produce an ED of 10 mSv
(1 rem) in the standard Reference Man. Although estimates
vary, an exposure of 10 mSv is thought to increase the life-
time risk of developing a radiation-induced cancer of about
1 in 10,000 (20). This compares favorably to a baseline risk
rate that varies between about 1 in 3 to 1 in 4 (21).

Comparison of Methods

If the thin-slice method is viewed as the gold standard,
then the bisected analysis provided more accurate measures
of individual organ doses than did the 2D planar method.
For example, doses to asymmetrically located organs (i.e.,
testes, heart wall, thyroid, and kidneys) from the bisected
images were more similar than the 2D planar images to re-
sults from the thin-slice analysis. The medical significance
of any of these differences for either method might be ques-
tionable, however, as the higher values represent more con-
servative estimates of radiation risk. In contrast, doses to
the intestines, red marrow, and osteogenic cells were lower
for the bisected and 2D planar methods than for the thin-
slice analysis, largely because of unavoidable deficiencies
in the way their ROIs were drawn.

Despite the variations in organ doses, the overall estimate
of the primary surrogate for radiation risk, the ED, was
similar between the 3 methods. The ED determined from
the bisected images (29.3 mSv/MBq), differed by ,1%
from the thin-slice value (29.5 mSv/MBq). The 2D planar
ED (32.3 mSv/MBq) was approximately 10% higher than
the thin-slice value. Thus, the higher, and more conserva-
tive, 2D planar dose estimates appear to be a reasonable
strategy for assessing the radiation safety profile of most
internally administered radiopharmaceuticals. Neverthe-
less, thin-slice analysis may be indicated for some tracers
that are highly localized to small, asymmetrically located
organs, tissues, or tumors.

Although not relevant to patient safety, analyses of the
compressed bisected and 2D planar images required con-
siderably less effort than the thin-slice method and took
1/5th and 1/10th the amount of time, respectively. Some gain
in the precision of measurement also seems likely because
organ boundaries can be very hard to demarcate on thin
slices, with relatively few counting statistics in them, when
compared with added images. The use of combined PET/
CT images, which were not available at our institution at
the time of data acquisition, might allow more accurate
identification of source organ boundaries, but it is not clear
that the extra effort required to place ROIs on thin slices
would produce a meaningful improvement in the quality of
the estimates.

Pharmacologic Effects

The average injected mass dose of [18F]SPA-RQ was
4.6 nmol (2.1 mg). This tracer dose of the radiochemical did
not produce any subjective or meaningful changes in lab-
oratory blood tests, blood pressure, pulse, and respiration

TABLE 1
Mean Residence Times of Identified Source Organs

Residence time (h)

Organ Thin-slice Bisected 2D planar

Brain 0.086 6 0.016 0.091 6 0.010 0.093 6 0.011
Heart 0.012 6 0.002 0.019 6 0.005 0.049 6 0.011

Kidneys 0.080 6 0.008 0.101 6 0.011 0.141 6 0.015

Liver 0.193 6 0.064 0.173 6 0.042 0.195 6 0.060

Lungs 0.462 6 0.106 0.459 6 0.087 0.450 6 0.098
Red marrow 0.283 6 0.064 0.106 6 0.027 0.093 6 0.036

Testes 0.003 6 0.001 0.006 6 0.001 0.010 6 0.002

Thyroid 0.003 6 0.0003 0.004 6 0.002 0.008 6 0.002

Remainder
of body

0.538 6 0.072 0.767 6 0.072 0.742 6 0.057

Values are mean 6 SD of 7 subjects.
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rate in any subjects. Therefore, [18F]SPA-RQ appears to be
safe from both pharmacologic and radiation exposure
standpoints.

Pulmonary Uptake

Uptake of radioactivity in lungs far exceeded that in any
other organ, with a peak value of 53 %IA shortly after
injection of [18F]SPA-RQ. The lungs of guinea pigs and
humans contain high densities of NK1 receptors that readily
bind radioligand antagonists (22,23). It might be that a
sizeable proportion of the early lung activity reflected
[18F]SPA-RQ binding to NK1 receptors, not just activity
in the pulmonary blood volume. Quantification of specific
pulmonary binding was not feasible in this study because
no competing NK1 receptor antagonists were coadminis-
tered. Regardless, and despite the high initial uptake of
radioligand, the dose to the lungs (82 mGy/MBq) was only
moderately higher than that to other organs because of the
relatively fast elimination of activity. Lung activity de-
creased by about 50% within 30 min of [18F]SPA-RQ
injection.

Excretion

With the exception of the lungs, 4 excretory organs (i.e.,
ULI wall, small intestine, urinary bladder wall, and
kidneys) had the greatest radiation burdens with doses of
78, 70, 57, and 56 mGy/MBq, respectively. The mean,
decay-corrected cumulative activity in urine was 41 %IA,

TABLE 2
Radiation Dose Estimates for [18F]SPA-RQ in Standard Reference Man

Thin-slice Bisected 2D planar

Target organ mGy/MBq mGy/MBq Ratio to thin-slice mGy/MBq Ratio to thin-slice

Lungs 81.8 81.2 0.99 80.1 0.98
ULI wall 78.2 67.6 0.86 58.2 0.74

Small intestine 69.5 60.2 0.87 52 0.75

Urinary bladder wall 56.8 57.4 1.01 58.4 1.03

Kidneys 56.4 68.3 1.21 92 1.63
Thyroid 31.3 41.7 1.33 61.6 1.97

Liver 30.2 27.6 0.91 30.4 1.01

LLI wall 28.9 25.7 0.89 22.6 0.78

Red marrow 28.1 15.8 0.56 14.8 0.53
Osteogenic cells 18.2 12.6 0.69 12 0.66

Testes 17.4 30.5 1.76 45.2 2.6

Ovaries 16.9 15.7 0.93 13.4 0.79
Brain 15.8 16.5 1.04 16.8 1.06

Gallbladder wall 15.7 15.2 0.97 15.2 0.97

Heart wall 15.5 19.7 1.28 35.9 2.32

Uterus 15.3 14.8 0.97 13.8 0.9
Adrenals 12.3 12.3 1.00 13.1 1.06

Pancreas 10.9 11.3 1.04 11.8 1.08

Total body 10.4 10.3 0.99 10.3 0.99

Stomach wall 9.2 9.7 1.05 9.6 1.05
Spleen 8.5 9.4 1.1 9.9 1.16

Thymus 7.5 8.2 1.1 8.6 1.15

Muscle 6.8 7.3 1.07 7.2 1.05
Breasts 6.3 6.8 1.09 6.9 1.11

Skin 4.1 4.6 1.14 4.6 1.12

mSv/MBq mSv/MBq Ratio to thin-slice mSv/MBq Ratio to thin-slice

ED equivalent 37.6 37.3 0.99 40.6 1.08

ED 29.5 29.3 0.99 32.3 1.10

A 2.4-h urine voiding interval was assumed for all 3 methods.

TABLE 3
Comparison of Radiation Burden of [18F]SPA-RQ with Other

18F-Labeled Radiopharmaceuticals

Radiopharmaceutical
Species
studied

Effective

dose
(mSv/MBq) Reference

[18F]FECNT Rhesus

monkey

21 (24)

(S,S)-[18F]FMeNER-D2 Cynomolgus
monkey

33 (25)

[18F]FDG Human 29 (26)

[18F]FDOPA Human 20 (27)

[18F]Fluoro-A-85380 Human 19 (28)
[18F]Fluorodopamine Human 22 (29)

[18F]SPA-RQ Human 30 —
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and that entering the small intestine was 18 %IA. Thus,
excretion of radioactivity from [18F]SPA-RQ via the urine
was about twice that of the hepatobiliary route.

Assessment of Risk

Some experts believe that a single measure of radiation
exposure (i.e., ED) is the best way to assess an overall
radiation safety profile and to communicate the correspond-
ing risk to research subjects. For the radioligands listed in
Table 3, the EDs showed relatively little variation. For those
studies based on human biodistribution data, the ED dif-
fered by a factor of 1.5, from 194 to 290 mSv/MBq. Al-
though these values may vary because of true differences in
radiation exposure among the ligands, differences in ex-
perimental design and data analysis may have contributed
to these variations. If these variations in ED are real, then
dosimetry studies such as that presented here are perhaps
moderately useful for assessing relative risk. If these dif-
ferences merely reflect subtleties in experimental design
and analysis, however, then the utility of dosimetry studies
for neuroreceptor radioligands containing pure, or nearly
pure, g-emitting radionuclides would seem questionable.

CONCLUSION

Whole-body PET with [18F]SPA-RQ demonstrated a
radiation risk profile that would allow a subject to receive
multiple injections of the radioligand in a single year. Bi-
sected and 2D planar images almost always provided more
conservative organ dose estimates than thin-slice images,
which may actually be beneficial for patient safety. Cou-
pled with savings in time of image analysis, these conser-
vative dose estimates suggest that either the bisected or the
2D planar method is acceptable to measure human radiation
burden for radiotracers with a fairly broad distribution in
the body.
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